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We have carried out a number of different studies in chicks to examine the relationship between choroidal 
blood flow and myopic eye growth, and between accommodation and myopic eye growth. Our studies 
on choroidal blood flow show that myopic eye growth produced by form vision degradation leads to 
dramatic reductions in choroidal blood flow. These reductions appear directly attributable to the eye 
enlargement and the reduction in choroidal blood flow does not appear to be permissive for eye growth, 
since experimentally reduced choroidal blood flow hinders eye growth. Choroidal blood flow that is 
slightly above normal, however, may slightly enhance ye growth. Our studies on accommodation do 
not reveal any major necessary role of accommodation i regulating normal growth or in form vision 
degradation induced myopic eye growth. We found preliminary evidence, however, that chronically 
stimulating accommodation over a 2 week period, thereby producing excessive time in accommodation, 
may be sufficient for yielding a small but significant degree of myopic refractive error. Our studies 
suggest hat neither fluctuations in choroidal blood flow nor an intact accommodative apparatus are 
essential for normal eye growth or myopic eye growth produced by form deprivation. Further studies 
are needed to confirm that excessive time in accommodation might be sufficient for producing myopia. 
Finally, our finding that choroidal blood flow is substantially reduced in myopic eyes may have 
implications for the etiology of the retinal problems uffered by humans with moderate to severe myopia. 
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INTRODUCTION 
Growth of the vitreous chamber of the eye to a length that 
is excessive for the focal length of the lens and cornea (i.e. 
myopia) can be induced by techniques uch as eyelid 
suture or the wearing of occluders that degrade the visual 
image. These effects have been obtained in diverse 
mammalian species (Norton, 1990; Raviola & Wiesel, 
1990; Sherman, Norton & Casagrande, 1977; Smith, 
Maguire & Watson, 1980; Troilo & Judge, 1993; Wiesel 
& Raviola, 1977; Wilson & Sherman, 1977) and in avian 
species, with much of the avian work carried out using 
chicks (Hodos & Kuenzel, 1984; Lauber, 1991; Schaeffel 
& Howland, 1991; Sivak, Barrie & Weerheim, 1989; 
Sivak, Barrie, Callender, Doughty, Seltner & West, 1990; 
Wallman, Turkel & Trachtman, 1978; Yinon, Rose & 
Shapiro, 1980). This research as been driven by the belief 
that determining the mechanisms underlying form vision 
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degradation myopia in animals might reveal means for 
preventing myopic eye growth in humans. The precise 
mechanisms by which eyelid suture or occluder wearing 
lead to axial elongation of the eye and thereby myopia, 
however, have been uncertain. Since we had been 
studying the neural mechanisms underlying choroidal 
blood flow (ChBF) (Fitzgerald, Vana & Reiner, 1990b; 
Reiner, Karten, Gamlin & Erichsen, 1983), we became 
interested in the possibility that alterations in ChBF 
might be involved in the mechanism underlying myopic 
eye growth. We were particularly interested in the 
possibility that lid suture or occluder wearing might affect 
the temperature regulation of the eye and thereby increase 
the levels of ChBF in such a way as to promote ye growth 
as an artifact of the manipulation. Although this notion 
was appealing in its simplicity, we discovered in our very 
first studies that, in fact, ChBF was decreased in myopia. 
Subsequent studies further revealed that alterations in 
ChBF had only a minor effect on normal eye growth and 
form deprivation-induced myopic eye growth in young 
chicks. Because of the close linkage between the neural 
systems controlling ChBF and accommodation, wealso 
examined the role of accommodation in the control of eye 
growth during the course of our studies. These studies 
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suggested that an intact accommodative apparatus was 
largely not necessary for the regulation of normal eye 
growth and for form deprivation-induced myopic eye 
growth in young chicks. We did, however, find 
preliminary evidence that excessive time spent in 
accommodation might be sufficient to produce a myopic 
refractive rror. The purpose of the present article is to 
review the work (i.e. our published and previously 
unpublished work* and the related work of others) that 
has led us to these conclusions. 
RELATIONSHIP BETWEEN CHOROIDAL BLOOD 
FLOW AND MYOPIA 
Choroidal blood flow following manipulations yielding 
myopic eye growth 
Hodos, Revzin and Kuenzel (1987) had shown that the 
high myopia and axial enlargement of the eye in young 
chicks produced by dome-like plastic occluders glued 
onto the skin surrounding the orbit are accompanied by 
temperature elevations in the occluded eye, presumably 
because the occluders prevent he eye from venting heat. 
These authors raised the possibility that the temperature 
elevations caused by the occluders might promote scleral 
growth or enhance scleral elasticity, and thereby produce 
ocular elongation. These findings were of interest in light 
of prior experimental and clinical data implicating 
elevated ocular temperature in the etiology of myopic eye 
growth. For example, the occurrence of febrile diseases 
during childhood has been suggested tolead to eye growth 
that manifests itself as myopia many years later (Curtin, 
1985). Hirsch (1957) has specifically reported that 
individuals experiencing the febrile childhood disease 
measles between the ages of 5-8 yr were five times more 
likely to show myopia between the ages of 13-17 yr than 
those free of childhood measles. Similarly, myopia in 
some children has been reported to be manifest shortly 
after such febrile illness as whooping cough (Duke-Elder, 
1949). Experimental studies also show that increased 
ocular temperature promotes myopic eye growth. For 
example, several authors have shown that elevating body 
temperature in young rabbits to several degrees above 
normal enables a brief period of severe intraocular 
pressure (IOP) elevation to rapidly yield a sustained 
myopic ocular elongation (Maurice & Mushin, 1966; 
Mohan, Rao & Dada, 1977; Tokoro, 1970). Studies of 
the eye suggest hat this effect stems from the ability 
of elevated temperature to alter the biomechanical 
properties of scleral collagen (Green & McMahon, 1979; 
Holland, Tischler & Bellestri, 1961). This interpretation 
is consistent with studies in such collagen-rich non-ocular 
structures as rat tail (Rigby, Hirai, Spikes & Eyring, 
1959), ox cheek (Hall, 1951), and human digital tendons 
(Cohen, Hooley & McCrum, 1976), which all showed that 
increased temperature enables these structures to readily 
stretch to a new permanent length. Thus, enhanced ocular 
temperatures might make the sclera more able to 
irreversibly stretch in response to normal or brief 
supranormal lOP (as could occur with rubbing of the 
eyes, for example). Finger, Curtin, Packer, Svrita, 
Iwamoto, Whitmore and Jacobiec (1986), however, 
showed that elevation of scleral temperature in rabbits by 
2°C for several hours per day results in increased 
proliferation of scleral fibroblasts. Thus increased ocular 
temperature might increase ocular elongation (leading 
to myopic refractive error) either by enhancing the 
elasticity of the sclera or by promoting scleral growth 
(or both). 
The work of Hodos et al. (1987) thus raised the 
possibility that image degrading occluders might produce 
myopic ocular elongation in some large part by their 
tendency to increase ocular temperature. Due to our prior 
studies on the neural control of ChBF, we became 
interested in the possible role that altered ChBF might 
play in such thermally mediated effects on ocular growth. 
Several authors have suggested that fluctuations inChBF 
in part serve to regulate ocular temperature (Bill, 1984; 
Parver, Auker & Carpenter, 1980), with increased ChBF 
serving to bring heat to a cool retina or remove heat 
from a hot retina. We believed it possible therefore 
that increased ocular temperatures brought on by the 
occluder-wearing might be accompanied by increases in 
ChBF, although we could not know whether such a 
putative increase might serve the function of being the 
source of the excess heat or a thermoregulatory response 
for removing the excess heat. In either case we believed 
it possible that the combination of increased ocular 
temperature and an increased nutrient supply (due to 
ChBF elevation) could readily explain much of the 
myopic eye growth with occluder wearing. We therefore 
carried out a series of studies in chicks examining how 
ChBF is altered in eyes sustaining myopic-type axial 
elongation to see if there was in fact evidence that ChBF 
increases might contribute to myopic eye growth in 
commonly used animal models of myopic eye growth. 
In our first study addressing this issue (Shih, Fitzgerald, 
Norton, Gamlin, Hodos & Reiner, 1993d), plastic 
dome-shaped translucent occluders were glued over the 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  right eye in 4-day-old chicks and the occluders were left 
*All animal procedures were carried out in accordance with principles in place for 12 or 14 days. ChBF was measured using 
espoused by the Declaration of Helsinki and the Society for 
Neuroscience, and with NIH guidelines. 
tAll blood flow values presented in this paper are as displayed by the 
TSI Lasertto Blood Perfusion Monitor. These values provide useful 
relative information about ChBF, although the algorithm used by 
the TSI to compute absolute values may not be accurately calibrated 
for chick ChBF. 
:~Unless otherwise stated, in each study statistical significance (P < 0.05) 
was determined using a two-way repeated measures ANOVA with 
a priori planned comparisons. 
laser Doppler flowmetry 14 days after the occluding.t 
Three groups of chicks were studied: (1) chicks with 
occluders on for 14days (called occluder-on); (2) 
chicks with occluders on for 12 days followed by no 
occluders for 2 days (called occluder-off); and (3) age 
matched non-occluded chicks. A-scan ultrasonography 
confirmed that the visual degradation produced signifi- 
cant~ vitreous chamber elongation in the deprived eye 
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and that he degree of elongation for the occluded eye was 
the same for the two occluded groups [Fig. I(A)]. The 
extent of elongation obtained was comparable to that in 
previous tudies using this manipulation (e.g. Hodos & 
Kuenzel, 1984). The results for ChBF were: (1) blood flow 
in non-occluded chicks was similar in both eyes; (2) blood 
flow was significantly reduced in the occluded eye in 
chicks wearing occluders for 14 days--37% of the control 
group right eye; and (3) blood flow was still significantly 
reduced in the occluded eye in chicks whose occluders 
were removed 2days before measurement--51% of the 
control group right eye [Fig. 1 (B)]. Thus, to our surprise, 
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FIGURE 1. Vitreous chamber length (A) and the levels of choroidal 
blood flow (B) for the right and left eyes in three different groups of 
18-day-old chicks: (1) normal chicks (control group); (2) chicks that had 
worn an occluder over the right eye from 4 to 18 days of age (occluder-on 
group); and (3) chicks that had worn an occluder over the right eye from 
4 to 16 days of age (called occluder-off group, since the occluder was off 
for 2 days at the time of ChBF measurement). At 18 days of age ChBF 
was measured, the animals were euthanized, the heads fixed by 
transcardial perfusion and vitreous chamber length was measured using 
A-scan ultrasonography. (A) The occluded (right eye) in both the 
occluder-on and occluder-off groups howed asignificant (*) increase in 
axial length compared to the non-occluded yes in any group (both eyes 
in control group and left eyes in the occluded groups). Vitreous chamber 
length was statistically indistinguishable forthe left and right eyes in the 
control group. (B) The occluded (fight eye) in both the occluder-on and 
occluder-off group showed asignificant (*) decrease inChBF compared 
to either of the non-occluded yes in the control group. Note also that 
ChBF in the non-occluded left eyes in the occluded groups also tended 
to be less than in either eye of the control group, although this was only 
significant (#) for the occluder-off group. Error bars indicate 1 SEM. 
we found that ChBF is greatly reduced by occluders that 
produce myopic eye growth. This reduction stemmed 
from significant reductions inthe volume of the choroidal 
vascular bed. Our results clearly appeared to suggest that: 
(1) increased ChBF did not accompany the increased 
ocular temperature in an occluded eye; and (2) increased 
ChBF could not be a contributor to the axial elongation 
of the eye brought on by an ocular occluder. This study 
did not, however, ule out a contributory ole of enhanced 
ocular temperature to myopic eye growth. There 
appeared to be two general possibilities as to why ChBF 
might be reduced in chicks that have worn goggles for 
12-14 days: (1) the goggles had some effect independent 
of eye elongation (possibly on ocular temperature) that 
led to a reduction in ChBF; or (2) the vitreous chamber 
elongation i duced by the occluders may somehow have 
affected ChBF. Since removal of the occluders 2 days 
prior to ChBF measurements didnot result in a return of 
ChBF to normal (by which time ocular temperature 
regulation should have recovered) (Hodos, 1990), the 
results were more consistent with the latter possibility. A
further surprise in our results was that the ChBF in the 
left non-occluded eyes in the experimental groups was 
60-80% of that in the left non-occluded yes in the control 
group. No effects of this reduced ChBF were observed, 
however, on the eye lengths in the non-occluded eyes of 
the occluded birds. We are uncertain of the basis of the 
ChBF reduction in the non-occluded eye opposite an 
occluded eye, but the results clearly suggest that ChBF in 
the two eyes is physiologically yoked. 
The finding that ChBF was reduced in the elongated 
myopic eyes in our study was of pertinence tothe etiology 
of myopic retinopathy, which is a major cause of 
blindness among myopes. Myopic retinopathy is 
common in high myopes (eyes with > -8  D correction) 
and it is associated with choroidal thinning and 
avascularity (Curtin, 1985), which appears to promote 
degeneration of the outer retina, particularly in the 
macular region. Thus, it seemed of importance to 
determine if ocular enlargement of the type associated 
with myopia invariably leads directly to decreases in 
ChBF to better understand the possible etiology of 
myopic retinopathy. Although the study described above 
provided suggestive vidence that the decline in ChBF 
was a consequence of the ocular enlargement, it did not 
provide unequivocal evidence in this regard because the 
use of occluders for inducing myopia yields both elevated 
ocular temperatures and ocular enlargement. Since ChBF 
does respond to ocular temperature gulation (Reiner, 
Shih, Fitzgerald & Cuthbertson, 1994), we thought it 
important to determine unequivocally whether the ChBF 
reductions inchick eyes wearing occluders stemmed from 
the ocular enlargement or from the temperature 
elevations caused by the occluders. Note that if the ocular 
temperature changes omehow led to the decrease in 
ChBF, then it might still be possible, in principle, that the 
decline in ChBF played a role in the genesis of the ocular 
elongation. For example, since the choroid plays a role in 
maintaining the rigidity of the ocular wall (van Alphen, 
1986), a decrease in ChBF might be expected to increase 
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the stress on the sclera from lOP in such a way as to 
promote scleral elongation. We therefore decided to 
determine if ChBF is reduced even in eyes with ocular 
enlargement consequent to manipulations that do not 
alter ocular temperature. Since form vision degradation 
by scarring of the cornea (Curtin, 1985), opacification 
of the cornea (Wiesel & Raviola, 1979) and radial 
keratotomy (Hendrickson & Rosenblum, 1985) had been 
reported to yield ocular growth, we chose in our next 
study (Shih, Fitzgerald & Reiner, 1993a) to use corneal 
incisions and scarring to produce ocular enlargement. 
Since corneal scarring does not interfere with ocular 
heat exchange with the environment, we assumed that 
corneal scarring would not significantly alter ocular 
temperature. 
Central corneal incisions (2 mm in length) were made 
in the right eye of 4-day-old chicks and the wound 
sutured. In one group the incision was oriented along the 
vertical meridian, while in another group the incision was 
oriented along the horizontal meridian. Age matched 
controls received no corneal incision (n = 12). ChBF was 
measured using laser Doppler flowmetry 2 weeks later. 
After determining ChBF, the eyes were removed, 
weighed, and axial length, nasotemporal ength, 
dorsoventral length were measured using vernier calipers. 
The results were: (1) ocular enlargement was induced in 
11 out of 12 chicks with vertical cuts and the ChBF in the 
operated eye of these 11 animals was 62% of that in the 
non-operated eye; and (2) ocular enlargement was 
induced in eight of 14 chicks with horizontal cuts and the 
ChBF in the operated eye in these eight chicks was 60% 
of that in the non-operated eye (Fig. 2). The ocular 
enlargement in the vertical cut eyes was evident as 
significant increases in axial and nasotemporal lengths, 
with a consequent significant weight increase in the 
treated eye. The extent of eye growth was less in the 
horizontal cut myopic eyes, with a significant increase 
being evident in the nasotemporal but not the axial 
dimension. The weight gain in the horizontal cut eyes with 
ocular enlargement, while significant, was consequently 
not as great as in the vertical cut eyes. The decreases in
ChBF in the enlarged eyes in the vertical and horizontal 
cut groups stemmed from significant reductions in the 
volume of the choroidal vascular bed. Chicks that had 
corneal surgery but showed no ocular enlargement 
showed no significant alteration in ChBF in the operated 
eye (Fig. 2). Similarly, there was no significant alteration 
in the ChBF in the untreated left eyes (compared to 
control eft eyes) in the three treated groups. The results 
of this study show that ChBF is reduced even in an eye 
made enlarged by an image degrading manipulation that 
does not significantly affect ocular temperature. The 
results presented in our occluder study and our corneal 
scarring study thus strongly favor the conclusion that 
ocular enlargement (as typically found in myopia) leads 
to reduced ChBF. 
There appear to be two possible mechanisms by which 
ocular enlargement might diminish ChBF: (1) choroidal 
thinning accompanying ocular enlargement; or (2) 
neurally mediated reductions in ChBF, possibly due to 
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FIGURE 2. Effects of corneal scarring on eye growth and ChBF, plotted 
to show the percentage change in the right (treated eye) from the left 
non-treated ye for each group. Note that there is no significant 
difference in eye size or ChBF between the right and left eyes in the 
control group. Note also that for one group of birds that received a 
horizontal incision in the cornea, there was no effect on the size of the 
right (treated) eye (hence they are termed the horizontal cut 
non-enlarged group). In these birds there was also no significant effect 
on ChBF in the treated (right) eye compared to the non-treated (left) eye. 
In the remaining horizontal cut birds, the treated eyes were significantly 
(*) heavier and longer in the nasotemporal dimension than the fellow 
non-treated yes (hence they are termed the horizontal cut enlarged 
group). Similarly, in the vertical cut birds the treated eyes were 
significantly (*) heavier and longer in the axial and nasotemporal 
dimensions than the fellow non-treated yes. Note that ChBF was 
significantly (*) and greatly reduced inthe treated eyes of the horizontal 
cut birds with ocular enlargement and in the vertical cut birds. 
Abbreviations: AL, axial length; DV, dorsoventral length; HZ, 
horizontal; NT, nasotemporal length; WT, eye weight; VT, vertical. 
decreased need for high ChBF due to a now thinner 
retina. Both types of changes would lead to a reduction 
in ChBF due to reduced volume of the choroidal vascular 
bed, as observed to occur in our occluder and corneal 
scarring studies. Choroidal thinning could, in principle, 
occur if the mechanism for increasing eye size involved a 
general stretching and thinning of the globe. It is not clear, 
however, that myopic ocular elongation occurs by such a 
mechanism, at least not in all species tudied. A thinning 
of the retina is observed in myopic eyes in mammalian 
species (Curtin, 1985; Norton, 1990; Raviola & Wiesel, 
1985). Further, choroidal and/or scleral thinning are also 
observed in myopic eyes in humans and primates, 
particularly with severe eye enlargement and myopia 
(Curtin, 1985; Funata & Tokoro, 1990; Norton, 1990; 
Raviola & Wiesel, 1990). The scleral thinning involves 
reorganization of scleral extracellular matrix (Norton, 
Rada & Hassell, 1992). Thus, if ChBF in fact is also 
reduced in myopic eyes in mammalian species, it may 
be a consequence of a general stretching and thinning 
of the eye wall that underlies the ocular enlargement. 
In contrast, although retinal (Hayes, Fitzke, Hodos & 
Holden, 1986; Yinon, Koslowe, Lobel, Landshman & 
Barishak, 1982/83) and choroidal thinning (WaUman, 
Wildsoet, Xu, Gottlieb, Nickla, Marran, Krebs & 
Christensen, 1995) have been reported in myopic chick 
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eyes with axial elongation, thinning of the sclera has not 
been observed (Hayes et al., 1986). Rather, anatomical 
and biochemical studies how that the ocular elongation 
in myopic chick eyes appears to occur as a result of both 
stretching and thinning of the fibrous layer of the outer 
sclera and a thickening and growth of the cartilaginous 
layer of the inner sclera (Gottlieb, Joshi & Nickla, 1990; 
McBrien, Moghaddam, Reeder & Moules, 1991; Rada, 
Thoft & Hassell, 1991; Rada, McFarland, Cornuet & 
Hassell, 1992). The growth of the cartilaginous clera 
in chicks is evidenced by increased protein synthesis 
and cellular proliferation in the sclera (Christensen &
Wallman, 1991; Rada et al., 1991). Thus myopic ocular 
enlargement in chick eyes appears to be an active process, 
although it remains possible that the reduced ChBF in 
these eyes is the consequence of passive stretching and 
thinning of the choroid as the sclera grows to a larger size. 
Additionally, Wallman et al. have recently suggested that 
choroidal thinning in myopic axial elongation may be an 
active process that plays a role in increasing the distance 
between retina and cornea in the effort to correct for a 
perceived hyperopic error (WaUman, 1993; Wallman 
et al., 1995). Finally, as noted above, decreased ChBF in 
myopic eyes may be a neurally mediated adaptive 
response. The normally high ChBF is known to be 
essential as the driving force for oxygen and nutrients to 
diffuse through the depth of the outer retina (and to the 
inner retina in the case of the avian retina* and the 
primate macular region) and it is possible that with a 
thinner retina, as occurs in myopia, the ChBF may no 
longer need to be as high to provide such a driving force 
(Yancey & Linsenmeier, 1988). 
Eye growth following manipulations yielding decreased 
choroidal blood flow 
Both our occluder study and our corneal scarring study 
showed that manipulations that produce myopic eye 
growth yield decreased ChBF largely as a consequence of 
the myopic eye growth. Further, temperature changes 
appeared to play no major or necessary ole in either these 
ChBF alterations or in the myopic eye growth itself. 
Several additional findings further support the notion 
that although temperature levation might certainly 
promote myopic eye enlargement, such elevations are not 
a necessary or essential feature of all manipulations or 
conditions causing myopic eye growth. First, as noted 
previously, corneal scarring or lens opacification produce 
ocular axial elongation (Curtin, 1985; Hendrickson & 
Rosenblum, 1985; Shih et al., 1993a; Wiesel & Raviola, 
1979). Secondly, lid-sutured eyes in chicks, which also 
exhibit ocular elongation, are not warmer than normal 
(Hodos, 1990; Hodos & Kuenzel, 1992). Finally, 
occluding only a portion of the visual field (which should 
not affect ocular temperature gulation) in chicks and 
tree shrews has been shown to cause enlargement of the 
deprived part of the eye (Hodos & Kuenzel, 1984; Norton, 
*Note that although the pecten plays some role in the supply of nutrients 
to the inner retina of birds, the importance ofthis role for the inner 
retina is uncertain (Pettigrew, Wallman & Wildsoet, 1990). 
1990; Wallman, 1993; Wallman, Gottlieb, Rajaram & 
Fugate-Wentzek, 1987). Thus neither ocular temperature 
elevation nor increased ChBF appears necessary for 
ocular elongation. Nonetheless the consistent association 
of decreased ChBF with myopic ocular enlargement in
our first two studies raised the possibility that reduced 
ChBF might play some important (though perhaps not 
necessary) role in permitting myopic eye growth. For 
example, perhaps decreased flow in the choroid decreases 
the rigidity of the wall of the eye, thereby increasing the 
stress of lOP on the sclera. As summarized above, various 
authors have previously suggested on experimental, 
clinical or conceptual grounds that the sclera might 
respond to various stresses by stretching and/or growing 
to an enlarged size (Curtin, 1985; Maurice & Mushin, 
1966; Norton, 1990; van Alphen, 1986). We therefore 
next performed several studies to investigate whether 
experimentally decreasing ChBF promoted excessive 
ocular elongation. 
We chose to reduce ChBF in chicks by transecting the 
choroidal nerves, 5-8 of which arise from the ciliary 
ganglion and provide a major vasodilatory drive to the 
choroid (Cuthbertson, Fitzgerald, Shih, White & Reiner, 
1993; Fitzgerald et al., 1990b; Reiner et al., 1983). These 
experiments were performed in conjunction with studies, 
described in a later section of this paper, examining the 
effects of ciliary nerve section (which blocks accommo- 
dation) on eye growth. In our first studies using choroidal 
nerve transection we examined the effects of choroidal 
nerve transection on normal eye growth, i.e. in chicks 
without any manipulation to induce myopic eye growth 
(Shih, Fitzgerald & Reiner, 1993b). The effects of the 
choroidal nerve transections (CHX) of the right eye in the 
experimental birds were evaluated in comparison to the 
effects of sham transection of the right eye in control 
birds. In both CHX and the sham birds the lateral rectus 
muscle was transected uring orbital surgery to expose 
the ciliary ganglion and its postganglionic nerves, but the 
nerves were only sectioned in the CHX group. Two weeks 
after the choroidal nerve transection or sham transection, 
ChBF was measured in treated and non-treated eyes in 
both CHX and sham groups using laser Doppler 
flowmetry, after which the eyes were removed, weighed 
and the ocular axial, nasotemporal nd dorsoventral 
lengths measured using vernier calipers. The results 
showed that ChBF in the choroidal nerve transection 
group was greatly reduced in the treated eye (20-40% 
of non-treated eye) [Fig. 3(A)]. The treated eyes of 
these birds also showed gross depigmentation and 
histologically evident toss of the outer retina in the 
central part of the temporal retina (Figs 4 and 5). The 
ChBF in the treated eye in the sham group was slightly, 
but not significantly less than that in the non-treated eye. 
The sham surgery alone yielded slight but significant 
enlargement of the right eye compared to left eye, 
particularly in the axial dimension [Fig. 3(B)]. Thus 
the sham surgery itself induced myopic type eye 
growth, which may explain the slightly decreased 
ChBF in the sham treated eyes. In the CHX group axial 
elongation in the treated eye was not significantly 
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FIGURE 3. Choroidal blood flow (A) and eye growth (B) in the treated 
and non-treated eyes of chicks 2 weeks after receiving either: (1) sham 
surgery to the right eye in which the lateral rectus muscle was transected 
and the ciliary ganglion exposed (sham group, n = 14); (2) surgery during 
which the lateral rectus muscle of the right eye was transected, the ciliary 
ganglion exposed and the choroidal nerves transected (CHX group, 
n = 15); or (3) surgery during which the lateral rectus muscle of the right 
eye was transected, the ciliary ganglion exposed and the ciliary nerves 
transected (CILX group, n = 14). Chicks were 4 days old at the time of 
the surgery. Note that in (A) ChBF in the treated (right) eye of the sham 
group was slightly but not significantly (P < 0.096) less than in the left 
non-treated ye. In contrast, note that ChBF in the treated (right) eye of 
the CHX was greatly and significantly (*) reduced compared to the 
non-treated eye in these birds, and compared to the treated eye in the 
sham birds (#). Finally, note that while ChBF in the treated eye in the 
CILX birds was significantly less than in the fellow non-treated ye (*), 
blood flow in both eyes in these birds was in fact significantly greater (#) 
than in the corresponding eyes in the sham group. Error bars indicate 1
SEM. (B) The effects of the surgical manipulations on eye size in the 
sham, CHX and CILX birds. The results for each group are expressed 
as the difference between treated and non-treated ye as a percentage of 
the sham treated- non-treated difference. Note that the sham surgery 
alone resulted in significant (*) enlargement of the sham treated eye in 
the axial, nasotemporal and dorsoventral dimensions and in weight. In 
contrast, only axial ength and weight were significantly increased inthe 
treated eyes of the CHX birds. Thus CHX slightly retarded growth 
compared to the sham eyes. Finally, the treated eyes in the CILX birds 
were significantly (*) enlarged compared to the non-treated yes in all 
four dimensions. Additionally, the treated CILX eyes were also 
significantly (#) longer in the nasotemporal and dorsoventral 
dimensions and heavier than the treated sham eyes. Abbreviations: 
AL, axial length; DV, dorsoventral length; NT, nasotemporal length; 
WT, eye weight. 
different than in the sham treated eyes, while 
nasotemporal nd dorsoventral e ongation was signifi- 
cantly less in the CHX eyes than in the sham treated eyes. 
A similar mildly hyperopic effect on eye growth has been 
reported in chicks following ciliary ganglionectomy, 
which would also reduce ChBF (Lin & Stone, 1991). The 
results of our study suggest that large decreases in ChBF 
do not enhance ye growth, even when there appears to 
be a signal promoting eye growth (such as was present in 
the CHX eyes, based on the results of the sham treated 
eyes). Rather, decreased ChBF appeared to slightly 
decrease eye growth. Thus an intact choroidal nerve and 
ChBF that is at least 40% of normal may be necessary for 
fully normal ocular growth in chicks. Nonetheless ChBF 
that was 20-40% of normal did not greatly attenuate he 
eye growth. 
In the studies in rabbits howing that enhanced ocular 
temperature could promote eye elongation, it was 
important to transiently increase IOP to reveal the effect 
of temperature on eye (scleral) elongation. We reasoned 
that perhaps in order to see a role of reduced ChBF in 
promoting eye elongation we similarly needed to more 
vigorously challenge the growth mechanisms of the eye. 
In addition it seemed possible that the mechanisms 
controlling normal eye growth might be different 
than those producing form vision degradation myopia. 
Thus we next examined the effects of choroidal nerve 
transection on occluder-induced myopic eye growth 
(Shih, Fitzgerald & Reiner, 1994). Chicks 4 days old with 
sham surgery to the right eye and 4-day-old chicks with 
a choroidal nerve transection of the right eye both had a 
plastic, dome-shaped occluder glued over the operated 
eye after the orbital surgery. After 2 weeks ChBF was 
measured using laser Doppler flowmetry and refractive 
status was measured using streak retinoscopy. After 
enucleation the eyes were weighed and the axial, 
nasotemporal nd dorsoventral lengths were measured. 
In the sham control birds the ChBF in the goggled eye 
was found to be 66% of that in the non-occluded eye 
[Fig. 6(A)]. In these sham control birds considerable 
ocular enlargement i  all dimensions and a high degree of 
myopia (the right eye was 18.68 D more myopic than the 
left eye) was observed in the occluded eye compared to 
non-occluded eye [Fig. 6(B)]. The amount of ChBF 
reduction i  these sham birds appeared attributable tothe 
occluder-induced ocular elongation itself, which as we 
had shown previously leads to reduced ChBF. In contrast, 
in birds with choroidal nerves cut, ChBF in the occluded 
eye was reduced to 21% of the non-occluded eye 
[Fig. 6(A)]. The occluded eyes of these birds showed gross 
depigmentation a d histologically evident loss of the 
outer temporal retina similar to that in the CHX 
non-occluded eyes. Ocular enlargement and myopia 
were evident in the occluded eyes (compared to 
non-occluded yes) of these CHX birds (the right eye was 
9.01 D more myopic than the left eye), but the degree of 
enlargement of the goggled eye was less in all dimensions 
and the myopia in the goggled eye was significantly 
attenuated compared to that observed in the sham 
controls [Fig. 6(B)]. These results show that while 
severe reductions in ChBF do attenuate myopic eye 
elongation, they do not prevent form vision degradation 
myopia. 
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FIGURE 4. Electron photomicrograph of the outermost layers of the superior retina in a chick 2 weeks after the choroidal nerves 
innervating this same ye were transected at 4 days of age. This portion of the retina and all of the cell types in this portion of 
the retina re normal in morphology. The dark or pale round structures atthe base of the outer segments are the oil droplets. 
which are found in the cone photoreceptors f the avian retina. Abbreviations: BM, Bruch's membrane; CC, choriocapillaris: IS.
inner segments; OLM, outer limiting; ONL, outer nuclear layer/photoreceptor cell bodies; OS, outer segments. Scale bar = 5/~m. 
Thus, although it is possible that reduced ChBF could 
favor ocular enlargement (perhaps by altering the rigidity 
of the wall of the eye) under some conditions and in some 
species, our data do not show this to occur in normal or 
occluder-induced myopic eye growth in chicks (Shih et al., 
1993b, 1995). Further, our studies on the effects of 
occluders on eyes without any surgery showed that the 
non-occluded eyes opposite myopic occluded eyes show 
reductions in ChBF to 60-80% of normal, yet no evidence 
of axial elongation was seen in these non-occluded eyes 
(Shih et al., 1993d). Thus reduced ChBF is clearly 
consequent to myopic ocular enlargement, and it does 
not seem to encourage ocular elongation under any 
circumstance we have examined. It would be useful to 
study occluded eyes at earlier time points than we have 
yet examined to confirm that ChBF declines ubsequent 
to axial elongation. It would also be important to examine 
the temporal evolution of the ChBF changes in occluded 
eyes to consider the possibility that ChBF changes 
occur before eye enlargement (perhaps when the first 
biochemical changes are evident) (Rada et al., 1991) 
and somehow facilitate enlargement at this early point 
in time. 
Eye growth following drug treatments yielding increased 
choroidal blood flow 
Having determined that decreased ChBF hinders eye 
growth, we became interested in the impact of increased 
ChBF on eye growth. As will be discussed in a later 
section, we had found increased ChBF and increased eye 
growth in manipulations in which we severed the ciliary 
nerves (Shih et al., 1993b, 1995). This observation and the 
failure to find evidence that decreased ChBF was 
permissive for enhanced ocular growth led us to examine 
the possibility that increased ChBF might increase eye 
growth. Note that this is, in part, related to our original 
notion, namely that some myopia-producing manipula- 
tions may first increase ChBF and the thereby increased 
ChBF may secondarily enhance eye growth. We had 
shown the first step of this sequence to be untrue in the 
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F IGURE 5. Electron photomicrographs depicting the damage to the outermost layers of the temporal retina in a chick 2 weeks 
after the choroidal nerves innervating this same eye were transected at 4 days of age (same eye as shown in Fig. 4). (A) A region 
of damaged temporal retina at its zone of transition to normal. (B) The appearance of the outer retina in the center of the damaged 
area. In (A) normal retina is to the right. Note that outer segments are missing and the inner segments absent, truncated or in 
disarray. Because of the loss of outer segments, the RPE microvilli (which contain numerous pigment granules) are contiguous 
with one another. The retina, however, assumes a slightly more normal appearance as the retina is traversed from left to right. 
In (B) photoreceptor uter segments, inner segments and cell bodies are entirely absent, the RPE cells are no longer a monolayer, 
some RPE cells have migrated vitreally and formed rounded structures, and the OLM no longer forms a line parallel to Bruch's 
membrane. The ganglion cell layer was largely normal in this portion of the retina, and cell loss and pathology was observed 
in the outer part of the inner nuclear layer in the centermost part of the retinal area affected. Damage to the temporal retina 
as shown in (A) and (B) was not observed following sham surgery (lateral rectus transection) or after CILX (lateral rectus and 
ciliary nerve transection). Based on clinical findings (Hiatt, 1977), the possibility exists that lateral rectus transection had effects 
that potentiated the damaging effects of CHX. Abbreviations: BM, Bruch's membrane; CC, choriocapillaris; IS, inner segments; 
OLM, outer limiting; ONL, outer nuclear layer/photoreceptor cell bodies; OS, outer segments. Scale bar = 5 ibm. 
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FIGURE 6. Choroidal blood flow and eye growth in the treated and 
non-treated eyes of chicks 2 weeks after receiving either: (1) sham 
surgery to the right eye in which the lateral rectus muscle was transected 
and the ciliary ganglion exposed, the wound closed and an occluder then 
applied for 2 weeks (sham/oc group, n = 14); (2) surgery during which 
the lateral rectus muscle of the right eye was transected, the ciliary 
ganglion exposed and the choroidal nerves transected, the wound closed 
and an occluder then applied for 2 weeks (CHX/oc group, n = 17); or (3) 
surgery during which the lateral rectus muscle of the right eye was 
transected, the ciliary ganglion exposed and the ciliary nerves transected, 
the wound closed and an occluder then applied for 2 weeks (CILX/oc 
group, n = 18). Note in (A) that ChBF in the treated (right) eye of all 
groups was significantly (*) less than in the left non-treated eye. Note 
also however, that ChBF in the treated (right) eye of the CHX/oc was 
more greatly reduced than in any other group, and was significantly (#) 
less than in the treated eyes in the sham/oc birds. Error bars indicate 1 
SEM. (B) The effects of the surgical manipulations on the occluder 
induced myopia and eye size in the sham/oc, CHX/oc and CILX/oc 
birds. The results for each group are expressed as the difference be- 
tween treated and non-treated eye as a percentage of the sham/oc 
treated- non-treated difference. Considerable myopia and eye 
enlargement was observed in all dimensions in the treated eyes in the 
sham/oc group, and this enlargement is graphed as 100%. Note that the 
degree of myopic refraction, the axial and nasotemporal enlargement 
and the weight gain were significantly (*) attenuated in the CHX/oc 
treated eyes compared to the sham/oc treated eyes. Although the degree 
of myopic refraction, the axial enlargement and the weight gain were 
also significantly (*) attenuated in the CILX/oc treated eyes compared 
to the sham/oc treated eyes, the degree of attenuation was clearly greater 
in the CHX/oc eyes. Abbreviations: AL, axial length; DV, dorsoventral 
length; NT, nasotemporal length; RE, refractive rror; WT, eye weight. 
studies noted above. We examined the second part of this 
possibility in the studies described below. 
We chose to increase ChBF in one of two ways: (1) 
intravitreal injection of the vasodilatory neuropeptide 
Substance P (SP); or (2) intravitreal or subconjunctival 
injection of the phosphodiesterase inhibitor IBMX. The 
neuropeptide SP has been shown in a number of studies 
in mammals to yield choroidal vasodilation (Bill & 
Nilsson, 1985) and we carried out a set of studies in 
2-week-old chicks in which we confirmed that intraocular 
SP injection (1000 ng/10 pl avian saline) yields rapid 
sustained (4-6 hr) increases of about 100% in ChBF, 
while intraocular injection of a SP antagonist (D-Pro 2, 
D-TrpT'9-Substance P; 1000 ng/10/~1 avian saline) yields 
rapid sustained (4-6 hr) decreases ofabout 50% in ChBF 
(Reiner et al., 1994) [Fig. 7(A)]. In contrast, intravitreal 
10 #1 saline injection had no effect on ChBF other than 
an initial brief reduction in ChBF, presumably stemming 
from the transient lOP elevation attending the injection. 
Similarly rapid but transient initial declines in ChBF were 
also seen with intravitreal SP and SP antagonist. The 
increase in flow with intravitreal SP was mediated by an 
increase in both the volume of the choroidal bed and 
blood velocity, while the decrease in flow with intravitreal 
SP antagonist was mediated mainly by a decrease inblood 
velocity. We have shown that the vasodilatory effects of 
SP on the choroid appear to be mediated normally by 
trigeminal sensory afferents (Reiner et al., 1994). 
We also confirmed the efficacy of the phosphodiester- 
ase inhibitor IBMX (3-isobutyl-l-methyl-xanthine) as a 
choroidal vasodilator in 2-week-old chicks. Following a 
10/~1 intravitreal injection of a 20 mM concentration of 
IBMX, we found sustained (2 hr) increases in ChBF 
above baseline and above saline control [Fig. 7(B)]. The 
rationale for the use of IBMX as an agent to promote 
choroidal vasodilation in chicks relies on several of our 
prior observations. First, we had observed that the 
choroidal innervation from the ciliary ganglion utilizes 
acetylcholine (Cuthbertson et al., 1993; Reiner, 1987; 
Reiner, Erichsen, Cabot, Evinger, Fitzgerald & Karten, 
1991), and more importantly for the role of IBMX, nitric 
oxide (Fitzgerald, Rashed, Patel & Reiner, 1991; 
Fitzgerald & Reiner, 1993; Sun, Erichsen & May, 1994; 
Zagvazdin, Fitzgerald, Sancesario, Jackson, Schmidt & 
Reiner, 1994). Secondly, 7-nitroindazole (an antagonist 
of neurally synthesized nitric oxide) (Moore, Babbedge, 
Wallace, Gaffen & Hart, 1993) blocks 80-90% of the 
choroidal vasodilation obtained with stimulation of the 
input to the ciliary ganglion (Zagvazdin et al., 1994). 
Thirdly, we have found that electrical activation of the 
ciliary ganglion input to the choroid in pigeons leads to 
increased ChBF accompanied by increased cGMP 
production (Fitzgerald et al., 1991). Finally, the cGMP 
levels and the ChBF increases can be enhanced by 
systemic administration of IBMX, which blocks cGMP 
degradation (Fitzgerald et al., 1991). Note that nitric 
oxide produces vasodilation by activating uanyl cyclase 
and enhancing cGMP synthesis in vascular smooth 
muscle, with the cGMP acting as a second messenger 
promoting smooth muscle relaxation and thereby 
vasodilation (Beavo, Rogers, Crofford, Hardman, 
Sutherland & Newman, 1970; Moncada, Palmer & Higgs, 
1991; Schmidt, Lohmann & Walter, 1993; Vincent & 
Hope, 1992). Thus intravitreal IBMX would be expected 
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FIGURE 7. Effects on ChBF in 2-week-old chicks of a single 10 #1 
intravitreal injection of either Substance P (1000 ng) or a Substance P 
antagonist (1000 ng D-Pro2, D-Trp7,9-Substance P) (A), or of 20 mM of 
the phosphodiesterase inhibitor IBMX (B), compared to intravitreal 
saline. In both studies ChBF was recorded from the superior portion of 
the eye using transcleral aser Doppler flowmetry. Birds were 
anesthetized and secured in a stereotaxic device during the recordings. 
The effects of the injections are presented in both graphs as a percent 
change from pre-injection ChBF baseline and data from five birds are 
presented for the saline group, six for the SP group, six for the SP 
antagonist group, and four for the IBMX group. (A) Intravitreal 
injection of Substance P resulted in a sustained increase of ChBF above 
baseline. Asterisks indicate the time points at which the ChBF was 
significantly above that in the saline control birds. In three birds 
not shown above, it was found that the ChBF increase lasted 4-6 hr. 
The intravitreal injection of the Substance P antagonist resulted in 
a sustained ecrease in ChBF. Time points at which ChBF is 
significantly less than that in the substance P group are shown by a # 
symbol. In three birds not shown above, it was found that the decrease 
lasted more than 3 hr. Note the intravitreal injection of saline did 
not produce significant alteration in ChBF over this time period. (B) 
The sustained rise in ChBF above baseline following intravitreal 
20 mM IBMX. At all post-IBMX injection time points, ChBF was 
significantly (*) elevated above saline control. The ChBF returned to 
baseline 2 hr after IBMX injection. Abbreviations: IBMX, 3-isobutyl-l- 
methyl-xanthine; SUB P, substance P; SUB P ANTAG, substance P 
antagonist. 
to increase ChBF by promoting and prolonging the 
vasodilatory effects of nitric oxide released by the 
choroidal nerves or by vascular endothelial cells in 
response to cholinergic stimulation by the choroidal 
nerves. 
To examine the effects of increased ChBF on refractive 
state and axial length, in one set of birds 10 pl of either 
200ng (n=6) or 1000ng (n=7) of SP was injected 
intravitreally in the right eye every other day for 2 weeks, 
while in another set of birds 20 mM IBMX was injected 
in the right eye either subconjunctivally (50 pl) every day 
(n = 5) or intravitreally (10/A) every other day (n = 7) for 
2 weeks, beginning at 3 days posthatch inall cases. In one 
final experimental group, SP antagonist (1000 ng) (n = 5) 
was injected intravitreally in the right eye every other day 
for 2 weeks, beginning at 3 days posthatch. Control birds 
received an injection of avian saline vehicle subconjuncti- 
vally (50pl) every day (n=6) or intravitreally (10/A) 
every other day (n = 8) in the right eye, beginning at 3 days 
posthatch. Neither subconjunctival s line nor IBMX had 
a significant effect on refractive state or axial ength of the 
injected eye compared to the fellow normal eye following 
2weeks of injections. In contrast the intravitreal 
injections (including the saline injection) yielded a slight 
but significant shift of the injected eye toward a myopic 
refraction (i.e. right eyes were about 2.0 D less that he left 
eyes, whose refractive state was about +3.0 D). This 
effect was accompanied by increased axial length in all 
groups, with the extent of the axial increase being 
statistically significant in the saline and 200 ng SP groups. 
The extent of myopic refractive shift and axial length 
increase in the intravitreal SP, SP antagonist and 
intravitreal IBMX groups was statistically indistinguish- 
able from that in the intravitreal saline control. Thus 
increasing ChBF by either intravitreal SP, intravitreal 
IBMX or subconjunctival IBMX did not result in any 
trend toward myopia or increased eye size in the injected 
eye. These studies naturally suffer from the problem that 
perhaps it is necessary to produce ven more sustained 
increases in ChBF than we produced to promote 
increased eye growth. While this possibility cannot be 
denied, the above evidence and the only modest linkage 
shown in the next section between increased ChBF 
and eye growth suggest that increasing ChBF can 
have only modest, if any, impact on eye growth. 
Intravitreal injection itself, however, appears to increase 
axial length and produce a myopic shift. This effect of 
intraocular injection is opposite to that in tree shrews, for 
which it has been reported that bi-daily intraocular 
injections reduce ye growth, perhaps by compromising 
IOP (Norton, 1990). The increased axial ength caused by 
bi-daily injections in chicks might be a response to the 
transient bi-daily increase in IOP caused by the injection 
(Fig. 7). 
Implications of decreased ehoroidal blood flow for myopic 
retinopathy 
Our studies indicate that ChBF is invariably decreased 
as a consequence of myopic ocular enlargement i  chicks. 
The work of Wallman et al. suggests that choroidal 
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thinning may invariably occur during myopic axial 
elongation as part of an active process that seeks to 
correct the perceived hyperopic refractive error by 
increasing the distance between retina and cornea 
(Wallman, 1993; Wallman et al., 1995). Since this 
thinning choroidal may account for the reduction in 
ChBF, the possibility exists for all species that ChBF may 
be diminished in individuals whose eyes are progressively 
growing more elongated and myopic. There is currently, 
however, no data showing that ChBF is reduced in the 
enlarged myopic eyes in mammalian species ustaining 
experimentally induced myopia, and there are few data on 
humans uffering from idiopathic myopia. The possibility 
that ChBF is reduced in myopic humans is of interest 
because of its implications for the long-term health of 
myopic eyes. Although myopia is often considered to be 
undesirable because it results in a dependence on optical 
correction and it limits career choices, in fact, myopia is 
also associated with a severe risk of blindness (Curtin, 
1985). Myopia is a major worldwide cause of blindness, 
and a significant fraction of high myopes (2-10%) suffer 
severe visual impairments (Curtin, 1985). For example, 
myopic retinopathy ranges from the seventh leading cause 
of blindness in some countries (e. g. in the U.S.) to the first 
or second leading cause of blindness in other countries 
(e.g. Germany, Taiwan and Malta) (Curtin, 1985; Ho, 
Liu, Yang, Chen & Hou, 1993). Further, myopic 
retinopathy is associated with an earlier mean age for 
blindness than such other major ocular diseases as 
diabetes and glaucoma (Curtin, 1985). Human myopia is 
often categorized into three groups--mild (below - 3 D) 
intermediate (below -8  D but above -3  D) and severe 
or pathological (greater than -8  D) (Curtin, 1985). It is 
severe myopia which is mainly associated with 
retinopathy leading to profound visual impairment 
(Curtin, 1985). The retinopathy associated with severe 
myopia involves extensive degeneration f the retina and 
pigment epithelium (Curtin, 1985). Although many cases 
of severe myopia leading to retinopathy are clearly 
hereditary or involve systemic disease that weakens the 
wall of the eye (thereby allowing abnormal lengthening), 
many other cases of severe myopia may merely be a 
progression from common idiopathic mild-intermediate 
myopia (Curtin, 1985). The mechanisms underlying 
retinopathy in high grade myopia have been uncertain. 
Our findings suggest that myopia may inherently present 
a risk to sight because it leads to choroidal hypoperfusion, 
which would harmfully affect he entire outer retina and 
in humans would have a particularly adverse affect on the 
macula (Bill, 1984; Bill & Nilsson, 1985; Bill & Sperber, 
1990). There is in fact, evidence that ChBF is reduced 
in humans suffering from myopia. Morphological 
studies show that thinning of the choroid and loss of 
choriocapiUary vessels occur in pathological myopia in 
humans (Sommers, 1949; Curtin, 1985) and ocular pulse 
amplitude studies reveal a reduction in ChBF in high 
myopic patients (Shih, Horng, Yang, Lin, Peng & Hung, 
1991). The degree of reduction in ChBF appears to be 
directly correlated with the degree of myopia nd is found 
even in intermediate myopes (Shih et al., 1991). Reduced 
ChBF in myopes could promote ischemic/hypoxic 
damage to the outer retina (Fitzgerald & Reiner, 1989; 
Fitzgerald, Vana & Reiner, 1990a; Gaudric, Coscas & 
Bird, 1982; Gay, Golder & Smith, 1964; Golder & Gay, 
1967; Yancey & Linsenmeier, 1988). It is not yet fully 
clear, however, whether ChBF reductions in mild and 
intermediate myopia are great enough to be threatening 
for the retina, or whether only the extreme ChBF 
reductions in severe myopia are deleterious. Reduced 
ChBF in mild-moderate human myopes, however, even if 
not directly threatening to the health of the retina, might 
promote progression to severe myopia (e.g. by weakening 
the sclera). Additionally, reduced ChBF in mild- 
moderate myopia might account for the tendency of 
myopic eyes to be more vulnerable to other vision 
impairing diseases, such as retinal detachment (Akiba, 
1993; Bonnet, 1993) and glaucoma (Edwards & Brown, 
1993; Mastropasqua, Lobefalo, Mancini, Ciancaglin & 
Palma, 1992). All consideration of the possible role of 
decreased ChBF in vision loss in myopia, however, is yet 
somewhat speculative. We currently do not even know if 
the declines in ChBF that occur with myopic ocular 
enlargement in chicks persist hroughout the duration of 
the myopia, and if they persist we do not know how this 
affects ocular health in chicks. In future studies it will be 
of interest o determine if sustained reductions in ChBF 
caused by longstanding myopic ocular enlargement lead 
to retinal pathology in an animal model of myopia. Such 
studies might then help clarify the possible role of 
myopia-related declines in ChBF in the genesis of myopic 
retinopathy in humans. 
RELATIONSHIP BETWEEN ACCOMMODATION AND 
MYOPIA 
Near work (producing excessive time spent in 
accommodation) is thought to be the major risk 
factor in idiopathic myopia in humans (Curtin, 1985; 
Goldschmidt, 1990). Several lines of epidemiological 
evidence have been used to support his conclusion. For 
example, the prevalence of myopia is correlated with 
educational level and the volume of near work, and 
myopia commonly develops among individuals involved 
in occupations requiring intensive near work (e.g. writers, 
composers, and microscopists) but not among individuals 
in occupations not requiring intensive near work (e.g. 
farmers) (Curtin, 1985). Similarly, myopia is more 
common in cage-reared than in wild animals (Belkin, 
Yinon, Rose & Reisert, 1977; Curtin, 1985; Young, 1963). 
A major hereditary role in myopia is inconsistent with the 
finding that among the well-educated offspring of poorly 
educated parents, myopia is much more common in the 
offspring than among the parents (Bear, 1990; Curtin, 
1985). Many authors have assumed that the signal 
whereby near work affects eye growth is the excessive time 
spent in accommodation during the near work (Curtin, 
1985). Some trials in juvenile humans in which a 
cycloplegic was used to chronically block accommo- 
dation have lent credence to this notion, since they 
appeared to show that blocking accommodation halted 
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myopic progression (Bedrossian, 1979; Gimbel, 1973). 
Studies in animals have lent further support o the role 
of accommodation i myopic axial elongation. For 
example, the cycloplegic atropine (which blocks muscar- 
inic transmission between the ciliary ganglion and the 
muscles of accommodation in mammals) has been shown 
to halt myopic axial elongation produced by form vision 
deprivation in stumptail and pigtail macaque monkeys 
and in tree shrews (McKanna & Casagrande, 1981; 
Raviola & Wiesel, 1990; Young, 1965), and blocking 
accommodation by transection of the optic nerve has 
been found to block myopic progression in stumptail 
macaque monkeys (Raviola & Wiesel, 1990). Numerous 
others studies in humans and animal models, however, 
argue against a role for accommodation i  myopic eye 
growth (Lauber, 1991). For example, although some 
studies suggest cycloplegics halt myopic progression in 
humans, many other clinical studies uggest that this is 
not the case (Goss, 1982; Jensen & Goldschmidt, 1990). 
Similarly, the overall results on the use of cycloplegics in
animal models of myopia do not argue for a role of 
accommodation i myopic eye growth. For example, 
pharmacological blockade of accommodation with 
topical atropine does not halt myopic progression 
consequent to lid fusion in rhesus monkeys (Raviola & 
Wiesel, 1990). Further, even in those animals in which 
atropine blocks myopic growth, it may do so via a 
non-accommodative m chanism. For example, atropine 
does not block accommodation i chicks (in whom 
transmission between the ciliary ganglion and the muscles 
of accommodation is nicotinic), yet it does block myopic 
eye growth (McBrien, Moghaddam & Reeder, 1993). 
Recent studies uggest atropine may act directly on the 
sclera to produce its effects on eye growth (Marzani, Lind, 
Chew & Wallman, 1994). Note also that atropine could 
also affect eye growth by reducing ChBF since 
vasodilation in this vascular bed is under muscarinic 
cholinergic ontrol (Meriney & Pilar, 1987; Reiner et al., 
1991). Another study in chicks has shown that the M1 
muscarinic antagonist pirenzepine (which has a mainly 
retinal site of action) blocks myopic progression in 
lid-sutured chick eyes (Stone, Lin & Laties, 1991). A 
similar result has been reported in tree shrew (McBrien & 
Cottriall, 1993). Thus muscarinic antagonists may block 
myopia by either a retinal, scleral and/or choroidal site of 
action. A number of additional studies have shown that 
lesions that impair accommodation donot hinder myopic 
eye growth induced by form deprivation or the wearing 
of minus spectacle nses. For example, surgical blockade 
of accommodation by ciliary ganglionectomy or optic 
nerve transection does not eliminate ocular enlargement 
consequent to lid fusion in rhesus monkeys (Raviola & 
Wiesel, 1990). Similarly, eliminating accommodation in 
chicks by central lesions of the nucleus of Edinger- 
Westphal (EW, the source ofpreganglionic innervation of 
the ciliary ganglion) does not reduce form-deprivation 
myopia (Troilo, 1990), nor do EW lesions in chicks have 
a major effect on hyperopic or myopic eye growth in 
response to chronic wearing of plus or minus spectacle 
lenses respectively (Schaeffel, Troilo, Wallman & 
Howland, 1990). Similarly, ciliary ganglionectomy does 
not block occluder-induced myopia in chicks (Lin & 
Stone, 1991), and ciliary nerve transections attenuate 
neither lid-suture myopia nor the recovery from it 
(Wildsoet, Howland, Falconer & Dick, 1993). Further, 
myopic ocular enlargement produced by ocular occlud- 
ers, lid suture or spectacle nses is obtained in chicks even 
in eyes with a transected optic nerve (Troilo, Gottlieb & 
Wallman, 1987; Wildsoet & Pettigrew, 1988, 1989; 
Wildsoet & Wallman, 1992) and in tree shrews and 
chicks with blockade of ganglion cell activity with 
intravitreal tetrodotoxin (Moghaddam & McBrien, 1993; 
Norton, 1990; Norton, Essinger & McBrien, 1994; Shih, 
Fitzgerald & Reiner, 1993c). Finally, the evidence that 
myopic enlargement in a partially deprived eye is limited 
to the deprived part of the eye also argues against a 
role of accommodation i myopic eye growth, since 
accommodation cannot be limited to only part of the 
visual field (Gottlieb, Fugate-Wentzek & Wallman, 1987; 
Hodos & Kuenzel, 1984; Miles & Wallman, 1990; Norton 
& Siegwart, 1991; Wallman et al., 1987). 
Despite these various considerations arguing that 
accommodation is not necessary for the myopic eye 
growth produced by form vision degradation, we decided 
to proceed with studies to examine the role of 
accommodation i  eye growth for two reasons. First, 
previous lesion or pharmacological studies looking at 
the effects of blocking accommodation on eye growth 
had generally not separated the effects of choroidal and 
ciliary nerve manipulations on eye growth. Thus in many 
studies the lesions either did or may have affected 
both accommodation a d ChBF. Secondly, it remained 
logically possible that accommodation might play a role 
in normally occurring eye growth (i.e. emmetropization), 
even if it did not play a role in myopic eye growth induced 
by form vision degradation. 
Eye growth following surgical manipulations that eliminate 
accommodation 
We first examined the effects of impaired accommo- 
dation on normal eye growth by cutting the ciliary nerves 
[which arise from the ciliary ganglion and innervate the 
muscles controlling accommodation (Reiner et al., 1983, 
1991)] in the right eye in one group of chicks (Shih et al., 
1993b). In another group of chicks (n = 16), we examined 
the effects of transecting both choroidal and ciliary 
nerves, to compare to the results of studies by others in 
which the ciliary ganglion had been removed or both 
choroidal and ciliary nerves might have been sectioned. 
Since our studies were done in conjunction with the above 
studies on the effects of choroidal nerve transection, the 
sham control group from that study was also used for the 
ciliary nerve cut (CILX) birds and the combined 
choroidal and ciliary nerve cut birds. All eyes were 
then examined 2weeks after surgery. The results howed 
that ChBF in birds with choroidal plus ciliary nerve 
transection was greatly reduced in the treated eye 
compared to the non-treated eye or compared to either 
sham eye (20-40% of non-treated eye), as was the case for 
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the choroidal nerve transected eyes. The treated eyes of 
the birds with ciliary and choroidal nerve transection also 
showed gross depigmentation a d histologically evident 
loss of the outer retina in the central temporal retina. In 
the both nerve cut group, axial, nasotemporal nd 
dorsoventral length were all similar to that in the sham 
treated eyes, although dorsoventral elongation was 
slightly (and significantly) diminished in the treated eyes 
compared to the sham treated eyes. This diminution i eye 
size is similar to that following ciliary ganglionectomy in 
chicks (Lin & Stone, 1991), as would be expected since 
ciliary and choroidal nerves both arise from the ciliary 
ganglion. In contrast, CILX birds showed increased 
ChBF in both eyes when compared to shams (131% right 
eye and 154% left eye compared to shams) [Fig. 3(A)]. 
Since ciliary nerve transection yields fixed dilated pupils, 
increased ChBF with ciliary nerve cuts appears consistent 
with the previously reported involvement ofthe choroidal 
nerves in a neural circuit subserving light-mediated 
upregulation of ChBF (Fitzgerald & Reiner, 1990; 
Reiner, Fitzgerald & Gamlin, 1990). The absence of such 
increased ChBF in the both nerves cut group is, in fact, 
consistent with this explanation.* In the ciliary nerve cut 
group, enlargement of the treated eye was slightly 
enhanced compared to the sham treated eyes, with the 
CILX eyes being significantly arger in the nasotemporal 
and dorsoventral dimensions. Note that as part of a large 
study, Wildsoet et al. (1993) found that CILX in chicks 
reared under white light (as our chicks were) yielded a 
slight but significant increase in axial length at 2 weeks 
post CILX compared to sham treated eyes. They did not 
report nasotemporal or dorsoventral dimensions, which 
our study predicts would have shown even greater 
increases than the axial dimension. Nonetheless, the 
results of both our study and that ofWildsoet et al. (1993) 
show that CILX appears to slightly augment eye growth 
in eyes reared under normal light conditions. The 
increases in ChBF that we observed to attend CILX may 
be the basis of the slightly enhanced eye growth. Note 
that our data and that of Wildsoet et al. (1993) also 
show that loss of accommodation does not hinder normal 
eye growth (i.e. emmetropization) [Fig. 3(B)] (Shih et al., 
1993b). CILX also does not hinder recovery to 
emmetropia following myopia induced by lid suture 
(Wildsoet et al., 1993) and cycloplegia n chicks does not 
affect normal axial growth of the eye (Schwahn & 
Schaeffel, 1994). Based on findings such as those 
summarized above, several authors have suggested that 
the visual signal promoting myopic eye growth that 
occurs during near work might not involve accommo- 
dation, but rather a degraded image (e.g. because there is 
poor accommodative gain, or because of the impover- 
ished nature of the visual image that is typically the object 
of near work) (Gwiazda, Thorn, Bauer & Held, 1993; 
*It is possible that beyond 2 weeks after ciliary nerve transection, the 
retina might have adapted to the increased light levels and the ChBF 
returned to normal. The ChBF augmentation at 2 weeks suggests 
that by this time point he retina had not shown such adaptation (i.e. 
photostasis). 
McBrien & Millodor, 1987; Wallman, 1993; Wallman 
et al., 1987). 
It seemed possible to us, however, that the mechanisms 
controlling normal emmetropization might be different 
than those producing form vision degradation-induced 
myopic ocular enlargement. In fact recent studies how 
that he mechanism underlying form-degradation myopia 
is different than that underlying minus spectacle 
lens-induced myopia (Rickers, Schaeffel, Hagel & 
Zrenner, 1994; Schaeffel, Habi, Bartmann, Kohler & 
Zrenner, 1994). We therefore next sought o determine if 
accommodation played a role in form vision degradation 
myopia by studying the effects of CILX on myopic eye 
growth induced by a monocular occluder (Shih et al., 
1994). For these studies chicks with ciliary nerves 
transected in the right eye had a plastic, dome-shaped 
occluder glued over that eye at 4 days of age immediately 
after the orbital surgery. After 2 weeks ChBF was 
measured using laser Doppler flowmetry and refractive 
status was measured using streak retinoscopy. After 
enucleation axial, nasotemporal and dorsoventral lengths 
were measured using vernier calipers and the eyes were 
weighed. These studies were carried out in conjunction 
with the studies on the effects of choroidal nerve 
transection on occluder-induced myopia described in a 
prior section. Thus, the same occluded, sham operated 
eyes served as controls. In the CILX birds, considerable 
enlargement of the occluded eye was seen in all 
dimensions. Nasotemporal and dorsoventral enlarge- 
ment of the occluded eye was similar to that in the shams, 
but the axial elongation was significantly ess (about 75% 
of sham) [Fig. 6(B)]. Further, the degree of myopia was 
significantly ess in the CILX treated eyes (the CILX right 
eye was 13.97 D more myopic than the left eye) than 
observed in the sham treated eyes (the sham right eye was 
18.68 D more myopic than the left eye). As in the sham 
chicks, ChBF in the goggled eye of the CILX birds was 
reduced to about 60% of that in the non-treated eye 
[Fig. 6(A)]. These results how that while elimination of 
accommodation does appear to affect eye growth and 
refractive rror in form-deprived eyes, intact accommo- 
dative function is not necessary for the occurrence of 
form-deprivation myopia [Fig. 6(B)]. Our result is 
consistent with the many studies cited above showing that 
interfering with accommodative function in various ways 
does not block form-degradation myopia in chicks. 
Our finding that CILX decreased the axial elongation 
and refractive rror in occluded eyes by about 25% below 
that obtained in occluded eyes possessing normal 
accommodative function (i.e the sham eyes), however, 
raises the possibility that accommodation might play 
some slight role in form-degradation myopia. The 
attenuating effect of CILX does not appear attributable 
to a general effect of the surgery (e.g. the transection 
of the lateral rectus muscle), since elongation in the 
sham eyes was greater than in the CILX eyes. In a study 
using occluders that blocked lateral but not frontal 
vision to produce myopic eye growth in chicks, Wallman, 
Rosenthal, Adams, Trachtman and Romagno (1981b) 
also found a reduction in myopic refraction for deprived 
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eyes whose ciliary nerves were transected compared to 
non-transected deprived eyes. The CILX in the Wallman 
et al. (198 lb) study was, however, reported to reduce the 
myopic refraction to about 20% of that in shams. The 
authors found that much of the change brought about 
occurred because the corneas of the CILX eyes were 
flatter than in the shams. Further, at the time of this study, 
the existence of the choroidal nerves was not widely 
recognized and it is possible that the surgical procedure 
for the CILX also led to choroidal nerve damage. As we 
know from our own work (Shih et al., 1993b), CHX does 
attenuate form vision degradation myopia. Thus it is 
unclear whether the Wallman et al. (1981b) study 
provides evidence for a role of accommodation in form 
vision degradation myopia. Wildsoet et al. (1993) also 
found that CILX did not eliminate form vision 
degradation myopia (produced by lid suture) in chicks, 
but they did not carry out the necessary control to 
determine if CILX attenuated the myopic refraction and 
axial elongation. It is likely that their CILX did attenuate 
at least myopic refraction, since several authors have 
shown that CILX in chicks is associated with lens 
thinning, lens flattening and anterior chamber deepening 
(Wallman et al., 1981 b; Lin & Stone, 1991; Wildsoet et al., 
1993). Thus these various results do not rule out the 
possibility (nor do they unequivocally support the 
possibility) that accommodation plays some slight role in 
the axial elongation obtained with form vision 
degradation. Clearly, however, the majority of the axial 
eye growth and nearly all of the equatorial eye growth 
seen in such animal models does not depend on 
accommodation. 
The available data suggest several possibilities. First, it 
is possible that neither idiopathic myopia in humans 
(clinical and anecdotal data notwithstanding) nor any 
type of myopic eye growth in animals involves a major 
role of accommodation. On the other hand, it is possible 
that accommodation does play a major role in idiopathic 
myopia in humans, but not in the types of myopia 
induced in animal models by form vision degradation. 
For example, ocular growth induced by form vision 
degradation might be controlled by local ocular 
mechanisms not requiring communication between eye 
and brain, while normal emmetropization i  humans 
might require accommodation a d a role of eye-brain 
communication. The evidence noted above that different 
mechanisms are, in fact, involved in form vision 
degradation myopia than in spectacle lens induced 
myopia makes this possibility tenable (Rickers et al., 
1994; Schaeffel et al., 1994). Secondly, the evidence 
showing that accommodation is unnecessary for the 
axial elongation and myopia produced by form vision 
degradation does not rule out the possibility that 
excessive time spent in accommodation might still 
promote myopia. In other words, it is possible that 
excessive accommodation is sufficient but not necessary 
for myopia. The animal models of myopia (e.g. occluders, 
lid suture and spectacle l ns) might not reveal a role of 
accommodation because they do not mimic the stimulus 
conditions of near work that promote accommodation 
and myopic eye growth in humans. We therefore decided 
to determine whether chronic accommodation could 
produce myopic eye growth in chick. 
Effect of  drug treatments that yield chronic accommodation 
To study the effects of chronic accommodation eye 
growth in chicks, we first evaluated a pharmacological 
method for producing such accommodation. I  a set of 
4-day-old chicks, we carried out acute studies to measure 
the effects on accommodation f a single intravitreal or 
subconjunctival injection of nicotine. Since previous 
studies had shown short lived responses to low 
concentrations (0.4%) of topically applied nicotine 
(Troilo & Wallman, 1987), we used higher concentrations 
(15% nicotine in avian saline) for our injections. We 
found that a single 10/~1 intravitreal or 50/~1 
subconjunctival injection of l 5% nicotine yielded 1-2 D 
of accommodation that lasted for a duration of 4-6 hr 
(Fig. 8), with the intravitreal injection producing a larger 
change. We therefore carried out studies examining the 
effects on refractive state and axial length in chicks of 
bi-daily 10/~1 intravitreal injection (n = 9) or daily 50 #1 
subconjunctival (n = 8) of 15% nicotine, beginning at age 
4 days. We believed that although this regimen would not 
severely tax the accommodative apparatus of the birds, it 
might reasonably approximate the duration of intensive 
near work and accommodation that would be associated 
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F IGURE 8. The effects of 10 #1 intravitreal or 50/~1 subconjunctival 
injection of 15% nicotine in avian saline on the refractive state of the 
eye in 4-day-old chicks (intravitreal, n = 5; subconjunctival, n = 6). The 
data are graphed as change from the resting accommodative state 
[which in 4-day-old chicks we found to be about + 8 D, as previously 
reported by Wallman, Adams and Trachtman (1981a)]. Note that the 
subconjunctival nicotine injection produces about 1 D of accommo- 
dation that is sustained for more than 4 hr, while intravitreal nicotine 
produces about 2 D of accommodation sustained for more than 4 hr. 
The change from resting accommodation is significant for all 
post-injection time points shown for both types of nicotine application. 
Error bars indicate I SEM. 
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with, for example, avid daily reading in a human. Groups 
receiving daily subconjunctival (50#1) avian saline 
injection (n=6) or bi-daily intravitreal (10#1) avian 
saline (n = 8) served as controls. Only the right eye was 
injected in the nicotine and control birds. Two weeks 
after the beginning of this injection regimen, we measured 
the refractive state and axial length of both eyes in 
these birds. The 2-week regimen of bi-daily intravitreal 
nicotine or saline injection were found to produce 
comparable effects. Both yielded a slight, but significant 
myopic shift of about -2.0 D away from the slightly 
hyperopic (approx. + 3.0 D) resting state of the fellow left 
eye. There was no significant difference in refractive state 
or extent of axial elongation of the treated (compared 
to fellow non-treated) eye between the intravitreal 
saline and nicotine groups. Thus intravitreal nicotine 
did not affect eye size or refractive state. Daily 
subconjunctival saline also had no effect on refractive 
state or axial length of the treated compared to fellow 
non-treated eye. Daily subconjunctival nicotine, how- 
ever, yielded a slight, but significant myopic refractive 
error in the treated eye compared to the non-treated 
fellow eye (treated - non-treated difference = - 0.75 D). 
This treated-non-treated difference was also signifi- 
cantly different than found for the subconjunctival s line 
control. No significant effect on axial ength was found in 
the subconjunctival nicotine group compared to the 
subconjunctival saline control, although a slight increase 
in axial ength was evident in the subconjunctival nicotine 
group. Our findings for the subconjunctival nicotine 
group appear to provide some tentative, preliminary 
support for the notion that excessive time spent in 
accommodation can promote myopia and ocular 
enlargement. We may have failed to see such an effect in 
the intravitreal nicotine group because of the effects of 
nicotine on the retina itself. Note, for example, that 
several studies discussed previously in this paper show 
that muscarinic agents acting on the retina interfere with 
axial elongation produced by form deprivation. It is 
possible, however, that the subconjunctival nicotine 
yielded aslight myopic shift because itproduced a blurred 
retinal image, produced either by the eye and eyelid 
twitching observed with subconjunctival nicotine or by 
the accommodative d focus (assuming no behavioral 
compensation). Nonetheless, as little as 15-240 min of 
normal vision daily in an eye wearing an occluder the 
remainder of the day has been shown to be enough to 
block occluder induced myopia in chicks (Gottlieb, 
Nickla & Wallman, 1992; Nickla, Panos, Fugate- 
Wentzek, Gottlieb & Wallman, 1989; Vingrys, Squires, 
Napper, Barrington, Vessey & Brennan, 1991; Wallman, 
1993). Since the subconjunctival nicotine chicks had 
about 18hr of normal vision daily, in principle 
subconjunctival nicotine should not have produced 
myopia via form vision degradation. In any case, a 
larger study using subconjunctival nicotine for a greater 
number of days is needed to more fully evaluate the 
notion that chronic accommodation produces a myopic 
refraction and axial elongation. Since myopia typically 
develops gradually in humans over a long period, it will 
be useful to see the effects of such long-term chronic 
accommodation. 
SUMMARY OF IMPLICATIONS FOR MYOPIA 
Our work on myopia began with the notion that 
perhaps the myopic eye growth with such manipulations 
as occluder-wearing or lid suture was an artificial outcome 
of temperature changes and ChBF changes induced by 
such manipulations. We thought hat perhaps naturally 
occurring emmetropic eye growth might be regulated by 
different mechanisms than the putatively unnatural eye 
growth produced by form vision degradation. As 
reviewed above and summarized in Table 1, our findings 
suggest that ChBF changes in fact play little role in eye 
growth, either experimentally induced or naturally 
occurring. Our findings on accommodation (also 
summarized in Table 1) are consistent with a large number 
of studies howing that accommodation is unnecessary 
for many forms of experimentally induced myopia. A 
growing body of evidence, in fact, explicitly supports the 
notion that eye growth in form-deprivation myopia is 
under local retinal control, with the local control growth 
signals presumably being transmitted from the outer 
retina to the sclera (Hodos & Kuenzel, 1984; Norton, 
1990; Shih et al., 1993c; Troilo et al., 1987; Wallman, 
1993; Wallman et al., 1987). Several studies have 
identified retinal cell types critical for this process 
(Rohrer, Spira & Stell, 1993a; Rohrer, Tao & Stell, 1993b; 
Stone, Lin, Laties & Iuvone, 1989; Stone, Lin, Iuvone & 
Laties, 1990). The notion of local control of myopic eye 
growth, nonetheless, has some difficulties. First, eye 
growth can be manipulated by either form vision 
degradation rby spectacle l ns wearing, with either plus 
or minus lens used for the latter. It is now clear that these 
three means for affecting eye growth involve three 
somewhat different mechanisms (Wildsoet, McBrien & 
Clark, 1994). Further, it is not certain that any of these 
three manipulations models naturally occurring 
emmetropization. For this reason some investigators 
have taken to studying recovery from imposed refractive 
error as a model for emmetropization (Troilo & Wallman, 
1991; Wallman et al., 1995; Wallman, 1993). Secondly, 
even ifa growth signal directly transmitted from the retina 
to the sclera is involved in some types of eye growth, how 
can it get across the choroid from the retina to the sclera? 
Blood flow in the choroid is extraordinarily high (Bill, 
1984). Any humoral signal would seemingly be washed 
away and be unable to act radially, as is required by 
studies howing strictly regional control of eye growth in 
form-deprivation myopia. A third problem with a 
universal role of local retinal control in myopic eye 
growth is that, as shown in our nicotine study, it remains 
possible that excess time spent in accommodation is a 
sufficient signal to promote myopia eye growth. 
Finally, our work shows that ChBF changes do not 
cause or permit myopic axial elongation, but rather ChBF 
declines are a consequence of myopic axial elongation. 
This has implications for our understanding of the 
long-term health of myopic eyes and for the mechanisms 
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TABLE 1. Summary of the effects in hatchling chicks of the various manipulations reported here on ChBF, refractive state of the eye and eye 
size (axial, dorsoventral nd nasotemporal dimensions) 
MANI P U LATI ON 
ocduder 
corneal scarring 
CHX 
CHX + ocduder 
Intravitreal SP 
Intravitreal SP antag 
Intravit/Subconjunc IBMX 
CILX 
CILX + CHX 
CILX + occluder 
Intravitreal nicotine 
Subconjunctival nicotine 
EFFECT ON EYE EFFECT ON EFFECT ON EFFECT ON EFFECT ON 
FUNCTI ON REFRACTI ON AXI AL LENGTH DV LENGTH NT LENGTH 
ChBF ~ myop ia~ ~ ND ND 
ChBF~ myopia* ~ ~ no change ~ 
ChBF ~ ~ no change* no change ~ 
ChBF~ myopia ~t~ ~ ~/I i ~ 
ChBF ~ no change no change ND ND 
ChBF ~ no change no change ND ND 
ChBF ~l, no change no change ND ND 
ChBF ~ ~ no change* no change ~ 
no accomm 
C.,hBF ~ ~ ~ no change no change ~ no change 
no accomm 
ChBF ~ ~ myopia ~ ~ ~ ~ ~ ~ 
no accomm 
accornm ~ no change no change ND ND 
accomm ~ myopia ~ no change# ND ND 
All manipulations lasted a duration of 2 weeks. The effects of SP, SP antagonist, IBMX and nicotine on ocular function are inferred from the 
acute studies described in the text. Some manipulations primarily affected ChBF (CHX, CILX+CHX, SP, SP antagonist and IBMX), 
accommodation (nicotine), or both (CILX), and thereby secondarily affected eye size and refractive state. Other manipulations primarily affected 
eye size and refractive state (occluder and corneal scarring) and thereby secondarily affected ChBF. The magnitude and direction of the change 
in ChBF, eye refraction and eye size is shown by the number of arrows. The number and direction of arrows assumes a normal eye as starting 
point (occluder and corneal scarring groups), or uses a sham control (CHX, CILX and CILX+CHX) or a saline injected control (SP, SP 
antagonist, IBMX and nicotine) as the starting point. Asterisks indicate that the degree of myopia is inferred from the axial ength data. Note 
(#) that although the axial ength following the subconjunctival nicotine is shown as unchanged, there was a small, albeit statistically insignificant, 
increase observed. Abbreviations: accomm, accommodation; CHX, choroidal nerve cut; CILX, ciliary nerve cut; DV, dorsoventral; ND, not 
done; NT, nasotemporal. 
o f  ret inopathy in extreme myop ia  in humans.  I f  decreased 
ChBF  is an unavoidable concomitant  of  myopia,  then the 
long-term consequence might well be outer retinal 
vascular insufficiency. I f lasting for a pro longed urat ion,  
such insufficiency could lead to ischemic outer  retinal 
cell loss and visual decline. It could also lead to 
chor iocapi l lary and RPE cell damage,  with eventual 
neovascular  invasion of  the subretinal space in weakened 
regions o f  the RPE. Thus, a l though our work has not 
shown the role for ChBF  in myopia  that we original ly 
hypothesized, we have found what may be an important  
inverse relat ionship between myopia  and ChBF.  Fur ther  
studies are needed to confirm that this relat ionship is a 
constant and widespread feature o f  myopia.  
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